A metamaterial sensor that can be applied to detect water content in emulsified oil is proposed, which is reusable in experiment and nondestructive to the sample. Electric field of the original absorber is researched to guide the design of microfluidics. Also, its equivalent circuit model is proposed to validate its ability as a sensor. The calculated sensitivity of the sensor is 339 MHz/ε r in the range of 11.26 GHz to 10.044 GHz, indicating its potential for detecting the emulsified oil. The experimental results reveal the reliable process of detection and the linear relationship between frequency shift and water content. This work provides a fast and convenient solution to check the quality of lubricant oil to some extent, which is relatively valuable to modern machinery.
INTRODUCTION
With industrial revolution, booming machinery undoubtedly gives rise to the wide application of lubricant oil. Due to complex working environment, lubricant oil can be contaminated and emulsified by water. Even small amount of water can accelerate the oil oxidation and reduce its performance [1, 2] . This can damage the machine, such as triggering the consequence of micro-pitting on gears [3] . Traditional methods of checking the quality of lubricant oil are based on evaporation and distillation which are precise but tedious [4] . Although the surface acoustic wave devices [5] simplify the operation to some extent the operation of evaporation is inevitable, and the content of sample is relatively larger. After that, the method of infrared spectroscopes [6] is proposed to quickly detect the oil, but the larger water droplets in oil may produce more variabilities in detection. It limits the further development of oil measurement, and a fast method with the properties of micro sampling is valuable. Given that substance can be characterized by permittivity, the technique based on metamaterial absorber will be a potential candidate for detection.
The metamaterial absorber owning near perfect properties of absorption [7] [8] [9] [10] [11] is popular with the researchers. Most of the works have been done towards developing multi-band and broadband absorbers, which can be applied in the areas of imaging [12] , stealthy material [13] , and energy harvesting [14, 15] . Nowadays, a new branch of absorber, functioning as sensor, begins to burgeon by utilizing the characteristic of being sensitive to the permittivity. With a reasonable configuration, it can detect sucrose [16] , strain [17] , temperature [18] , permittivity of solid [19, 20] , and liquid [21] [22] [23] [24] . For the detection of liquid, conventional sensor based on metamaterial absorber may produce more errors in the situation that fluid is relatively harder to be limited on certain extent of resonance region, resulting in higher requirement of operation in experiment [25] . However, the method of loading microfluidic [26, 27] enhances the feasibility of operating with fluid medium, promoting a wider range of liquids [28, 29] to be detected.
In this paper, a compact sensor based on a metamaterial absorber is proposed to detect the water content of emulsified oil. An original absorber is firstly designed to act as a fundamental structure, and the equivalent circuit model of the resonator simulated by ADS software further suggests its potential for sensing. Through the analysis of the mechanism, strong resonance region is found to guide the design of the microfluidic. The sensor shows that it can achieve the sensitivity of 339 MHz/ε r (ε r is the real part of dielectric constant). To prove the rationality of design, the sensor is fabricated to detect the water content in emulsified oil. Experimental result is highly consistent with the simulated one and shows a good linear trend, indicating the potential value of the proposed absorber for sensing applications.
DESIGN OF SENSOR
The original metamaterial absorber, consisting of a resonator and a film that are divided by the dielectric layer (substrate), is displayed in Fig. 1 . Its simulated structure parameters are presented in follows: W 1 = 0.15 mm, W 2 = 0.1 mm, S = 10.16 mm, L = 20.86 mm, R 0 = 2.05 mm, θ = 14 • , α = 8 • , t 1 = 0.035 mm, t 2 = 1 mm. The pattern and film are fabricated by copper with the conductivity of σ = 5.8 × 10 7 S/m, while the dielectric layer is low loss material named Rogers RO4003 whose dielectric constant is ε = 3.55 (1 + i0.0027). All the simulated results are achieved by the finite integration technique, where a plane electromagnetic (EM) wave with the electric field pointing to the y-axis is applied as the exciting source. In addition, an open (add space) condition is set along the z-axis, while conducting wall conduction is applied in the direction of x-axis and y-axis. Due to the situation that the thickness of bottom metallic film is larger than skin depth, transmission T ω is approximated to 0, and the absorption A ω can be calculated by the expression A ω = 1 − R ω , where R ω is the reflection. The spectrum of absorption is presented in Fig. 2 . It shows a single peak at 9.9 GHz with the absorption rate over 99%, which can be considered as the index of sensor. Figure 3 presents the distributions of electrical field (|E|). From the electrical field on the interface of resonator and dielectric layer, strong resonance region mainly concentrates around the middle split and inner ring of the resonator, which can guide the layout of microchannel. From the cross section of |E| at y = 0.25 mm (see in the Fig. 1 ), the intensity of electrical field decreases with the increase of distance from the resonator pattern. It suggests that the layer of microchannel should be closer to the resonator, so as to generate a stronger interaction between the electrical field and material under test, and finally improve the sensitivity.
To validate the ability of the absorber as a sensor, the relationship between absorption frequency and dielectric constant is researched by constructing a simplified equivalent circuit [30] of resonator. The gap of resonator can be treated as capacitor, while the metallic part in resonator can be regarded as inductor, and the corresponding capacitance and inductance can be obtained by the lumped element extraction method of distributed component [31] . Ignoring the influence of impedance, the diagram of equivalent circuit is presented in Fig. 4 , and the expression of impedance is given as:
Set Z = 0 in Equation (1), and the formula of frequency can be obtained as:
Based on Eq. (3), Fig. 5 presents the computed results of equivalent circuit after extracting parameter in the soft Advanced Design System (ADS), which is relatively consistent with the results in the CST. As the dielectric constant of substrate increases, the resonance frequency gradually decreases, suggesting the detection principle that dielectric constant of material can be characterized by frequency shift. Microfluidics is loaded on the middle layer after dividing the original absorber into two parts, as shown in Fig. 6(a) . According to the distribution of electrical field above, the position of microchannel should be near the resonator, whereas limited by the fabrication technique, the thickness of Rogers RO4003 can only be reduced to 0.254 mm. The material of microfluidics is polytetrafluoroethylene (PTFE), which can prevent the sensor from corrosion and adhesion by emulsified oil. As presented in Fig. 6(b) , the structure parameters of microfluidics are shown as follows: P = 1.47 mm, a = 0.43 mm, R 1 = 1.277 mm, R 2 = 2.83 mm, R 3 = 4.73 mm, t 3 = 0.4 mm, t 4 = 0.4 mm. The measured liquid can be injected from port 1 to port 2. Fig. 6(a) only shows the resonance part of the sensor, which is loaded in the waveguide and directly irradiated by the EM wave. To add the injecting pedestal and fit the dimension of waveguide, the length of sensor is properly prolonged. Photos of the integral sensor are shown in Figs. 6(c) and (d), and three layers are adhered by insulating glue. 
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RESULTS AND DISCUSSION
The simulated results of sensor are depicted in Fig. 7 . As the dielectric constant increases from 1 to 4.6, the frequency has a red shift from 11.26 GHz to 10.044 GHz, reaching the sensitivity of 339 MHz/ε r . These results illustrate that the sensor proposed here can effectively detect the liquid whose dielectric constant is in the range from 1 to 4.6. Fig. 8 presents the electrical field of the sensor on two different cross sections. Although its strength is less than that of original absorber because of changing the optimal resonance mode, the strong resonance region concentrates around the microfluidics, ensuring the capacity of detection. Also, the sensitivity of sensor is relatively low compared with that of original absorber shown in Fig. 5 . This is because the effective volume for dielectric constant variation area has decreased (i.e., from the whole substrate to only microchannel area). Figure 9 exhibits the connection diagram in test, where the emulsified oil is injected into the sensor by the syringe pump. Due to the metallic film, transmission coefficient S 21 is approximated to 0. Vector network analyzer only needs to be connected with one port of the standard WR-90 waveguide (dimension: 2.286 cm × 1.016 cm) to record the reflection coefficient S 11 whose resonance peak is at 10.404 GHz when the microchannel is filled with air. Emulsified oil with different water contents from 1% to 9% is repeatedly tested four times. With the increase of water content, the average resonance frequency linearly decreases from 10.171 GHz to 10.100 GHz, which can be seen in Fig. 10 . Error bars show that the maximum error among the four tests for the same water content is no more than 8 MHz, indicating a stable performance in detection. The relationship between average frequency and water content is y1 = −0.00863x + 10.177 after linearly fitting with correction coefficient of 0.9936. According to the resonance frequency of microchannel filled with air, the average frequency shift of different water contents in emulsified oil is also depicted in Fig. 10 . Its relationship between frequency shift and water content is y2 = 8.65x + 226.55 with correction coefficient of 0.9938. Thus, the calculating formula of water content in emulsified oil is x = (y2 − 226.55)/8.65. It is noticed that there are obvious deviations of frequency between the simulation and experiment when the microchannel is filled with air (at the frequency of 11.26 GHz in simulation and 10.404 GHz in experiment). These frequency deviations should come from fabrication tolerances. In order to decrease the disparity between simulated and measured results, actual geometrical parameters of the fabricated sensor prototype are measured using a microscope, and then the simulated results are calibrated by using these actually measured geometrical parameters in simulations. Fig. 11 shows the after-calibrated simulation and experiment results when the sensor is empty and contains the emulsified oil with 1% to 9% water content. In order to obtain the corresponding simulated S 11 of the sensor, the permittivities of pure water of 63 − 30i and pure emulsified oil of 1.82 − 0.269i are measured first by using Keysight coaxial probe kit (N1500A), respectively. Then, permittivities of the emulsified oil with 1% to 9% water content are calculated by using the following dielectric mixture Equation (4) [27] :
where ε m , ε eo , and ε w represent permittivities of the emulsified oil-water mixture, pure emulsified oil, and pure water, respectively. V f is the volume fraction of water in the emulsified oil-water mixtures. These calculated effective permittivities of the 1%, 3%, 5 %, 7%, and 9% moisture emulsified oils are 1.8710, 1.9758, 2.0846, 2.1978, and 2.3156, respectively. They are input to electromagnetic simulator CST to obtain the simulated reflection coefficient S 11 of the sensor under different water contents. They have highly consistent trends that the frequency has red shifts with the increase of water content, showing the validity in the process of design.
CONCLUSION
A microfluidic-based metamaterial sensor is proposed which shows stable and high characteristics in detecting a small amount of emulsified oil. The electric field of an original absorber is researched to guide the design of microfluidic, and its equivalent circuit is constructed to further verify its ability as a sensor. The sensor shows a high sensing capability (339 MHz/ε r ) in the range of 11.26 GHz to 10.044 GHz, which is adequate to detect emulsified oil with different water contents. The experiment is repeatedly operated, and a linear expression about the frequency shift and water content is obtained. This sensor overcomes time-consuming drawbacks and shows a reusable and nondestructive solution to recognize the quality of lubricant oil and enhance the life of machinery.
